Rossby waves are a principal form of atmospheric communication between disparate parts of the climate system. These planetary waves are typically excited by diabatic or orographic forcing and can be subject to considerable downstream modification. Because of differences in wave properties, including vertical structure, phase speed, and group velocity, Rossby waves exhibit a wide range of behaviors. This study demonstrates the combined effects of eastward-propagating stationary barotropic Rossby waves and westward-propagating very-low-zonal-wavenumber stationary barotropic Rossby waves on the atmospheric response to wintertime El Niño convective forcing over the tropical Pacific. Experiments are conducted using the Community Atmosphere Model, version 4.0, in which both diabatic forcing over the Pacific and localized relaxation outside the forcing region are applied. The localized relaxation is used to dampen Rossby wave propagation to either the west or east of the forcing region and isolate the alternate direction signal. The experiments reveal that El Niño forcing produces both eastward-and westward-propagating stationary waves in the upper troposphere. Over North Africa and Asia the aggregate undamped upper-tropospheric response is due to the superposition and interaction of these oppositely directed planetary waves that emanate from the forcing region and encircle the planet.
Introduction
Studies of atmospheric planetary wave dynamics date back to their first description by Carl-Gustav Rossby (e.g., Rossby 1939) . These waves are responsible for a substantial portion of the large-scale communication, or teleconnection, of remotely forced variability around the planet. Synoptic variability, jet stream meanderings, and large-scale climate patterns [e.g., the Pacific-North American (PNA) pattern] have all been described in the context of Rossby waves. In particular, studies of stationary planetary waves-waves for which the wave movement and background flow balance so that the phase speed is zero-have been used to explain a number of physical phenomena, including remote changes in pressure, wind, and precipitation patterns due to thermal and orographic forcing (Hoskins and Karoly 1981) , interactions within the extratropics (Wang et al. 2007 ), equatorial Rossby waves (Sobel and Bretherton 1999; Kucharski et al. 2009 ), and tropicalextratropical interactions (Hoskins and Karoly 1981) . In addition, other studies have explored the Rossby wave response to low-frequency forcing (Li and Nathan 1997) , as well as the activity of Rossby waves with very small (Shaman et al. 2009 ) and complex wavenumbers (Shaman et al. 2012 ). In aggregate, these studies indicate there exists a variety of Rossby waveforms with a multeity of impacts on the atmosphere.
Rossby wave behavior can be studied from a theoretical vantage, as well as by using simple models and analytic techniques. The latter approaches, which employ tools such as vorticity equation models or ray tracing, isolate the effects of Rossby waves to the exclusion of all other processes.
In contrast, general circulation models (GCMs) allow study of the full range of dynamics, thermodynamics, and radiative processes that affect the atmosphere. Indeed, these models contain the full spectrum of Rossby waves, as well as other processes. In this richer, more complex environment, it is sometimes difficult to identify the role of individual wave processes and propagation mechanisms from the combined signal owing to the superposition and interaction of waves.
Here we implement a sponge relaxation scheme designed to dampen wave propagation in a selected direction in the Community Atmosphere Model, version 4.0 (CAM4.0). We first demonstrate the effectiveness of the relaxation damping scheme and then use it in conjunction with diabatic forcing over the tropical Pacific to study how remote influences are effected through the superposition and interaction of eastward-and westward-propagating Rossby waves initiated in response to a single forcing. Specifically, we focus on tropical-to-extratropical wave activity in response to El Niño-related forcing in the North African-Asian (NAA) jet over the Tibetan Plateau. Section 2 presents the model, sponge damping methodology, and experimental design. Section 3 reviews Rossby wave theory, including evidence for the existence of ultralowwavenumber Rossby waves. Section 4 further demonstrates the effectiveness of the sponge and presents novel findings, and discussion is provided in section 5.
Methods
Simulations were performed using the CAM4.0 atmospheric general circulation model (AGCM) (Neale et al. 2010) . Integrations were run at 1.98 3 2.58 resolution with 26 levels in the vertical. All simulations were performed using perpetual February settings forced with February monthly averaged climatological merged Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST) and NOAA Optimum Interpolation Sea Surface Temperature (OISST) values of SSTs and sea ice concentrations (Hurrell et al. 2008 ) and 14 February orbital forcing. The model diurnal cycle was retained. As applied, the perpetual setting removes the seasonal cycle, the Northern Hemisphere remains colder than the Southern Hemisphere, synoptic variability is retained, and there is no secular trend indicative of longer-time-scale warming or cooling.
The model was first integrated for 55 years in this setting. The final 50 years of this simulation were then averaged to establish model baseline February climatological conditions. Climatological dry static energy and zonal and meridional winds were then extracted for use with the sponge relaxation scheme.
Most remaining simulations were performed with sponge relaxation, which was implemented in order to dampen wave propagation. This sponge relaxation was localized to particular regions of the model planet, either to the east or west of the forcing region, typically in a longitudinal band extending from pole to pole and through all vertical levels. The sponge was applied to dry static energy and horizontal winds at each updating of the CAM4.0 physics package, such that an updated, relaxed variable S sponge is given by the following:
where S state is the current model state of variable S (either the dry static energy, zonal wind, or meridional wind field) at time t, Dt is the model time step, G is the imposed relaxation time scale of the sponge, and S clim is the 50-yr climatological value of variable S. The G was imposed at 2.5 days. To minimize edge effects, to either side of the region of fullstrength relaxation a 108 buffer was imposed in which the strength of relaxation decayed as a Gaussian function of distance. The sponge effectively restores dry static energy and wind conditions to their 50-yr climatology where applied (Fig. 1) . Indeed eddy deviations from the time mean are near eliminated; consequently, waves, including midlatitude baroclinic wave activity, entering the sponge are damped and fail to propagate through the sponge region. Simulations with the sponge were performed both with and without additional diabatic forcing. This diabatic forcing was imposed, per Barlow et al. (2007) , during calculation of physical processes in the tphysbc. F90 subroutine of CAM4.0. For the experiments presented here, the forcing was designed to mimic the anomalous diabatic heating due to convection associated with February El Niño conditions. Specifically, diabatic heating was applied over 108S-108N, 1608-2208E and 08-108N, 2208-2808E, mirroring the spatial extent and orientation of precipitation anomalies associated with El Niño. The magnitude of the diabatic heating was applied as an idealized half-sine wave in both latitude and longitude. In the vertical, the forcing was applied between 780 and 220 hPa and had an approximate halfsine structure, skewed toward the upper troposphere, that maximized around 430 hPa at 0.04 J s
21
. Experiments were performed to determine how sponge relaxation affects Rossby wave propagation and the overall atmospheric response in CAM4.0. The timemean average of simulations with a particular sponge setting was subtracted from the time-mean average of simulations with the same sponge and El Niño diabatic forcing. This differencing indicates how the sponge alters wave propagation. By including the sponge in both the forced and unforced runs, we controlled for any wave activity generated by the sponge itself. Control runs, with no sponge, were also performed both with and without El Niño diabatic forcing.
Including a 5-yr window to allow for model spinup, simulations were conducted for periods of 10, 20, and 55 years. Results were similar for these different run lengths, so here we present the results from the final 15 years (years 6-20) of the 20-yr integrations.
Review of eastward and westward Rossby wave teleconnection mechanisms
Large-scale tropical-to-extratropical atmospheric communication is typically characterized and understood as the consequence of planetary wave activity. Specifically, thermal forcing in the tropics excites poleward-and eastwardpropagating stationary barotropic Rossby waves (Hoskins and Karoly 1981) , which produce anomalous standing patterns that persist, depending on the time scale of the forcing, from weeks to seasons. The waves themselves can be subject to considerable modification downstream of the forcing region due to synoptic-scale transients (Held et al. 1989; Trenberth et al. 1998) , interaction with jet exit regions or other components of the climatological stationary wave field (Simmons et al. 1983; Branstator 1985; Hoerling and Ting 1994; Shaman 2014) , subtropical convergence associated with the initial thermal forcing (Held and Kang 1987) , and orographic effects (Nigam and DeWeaver 1998) . These effects often reinforce the Rossby wave train signal.
To further describe this barotropic wave activity, consider the two-dimensional, approximate plane wave solution with slowly varying amplitude, wavenumber, and position of the form A exp[if(x, y, t)], where A is the wave amplitude, i is the imaginary unit, x and y are zonal and meridional coordinates in Cartesian space, and f is the wave phase, which can be expressed locally as follows:
where v(x, y, t) 5 2›f/›t is the slowly varying frequency, and k(x, y, t) 5 ›f/›x and l(x, y, t) 5 ›f/›y are slowly varying wavenumbers in the zonal and meridional directions, respectively. Per WKBJ theory, the length scale of the wave disturbance must be short-that is, there is rapid phase variation (Bender and Orszag 1978) . The propagation of wave energy then moves along rays defined by dx dt 5 u g 5 ›v ›k and (3a) where c g 5 (u g , y g ) is the group velocity vector, indicating the direction of wave energy propagation, and
To determine this group velocity vector for a specific stationary wave type, the relevant dispersion relation is derived and solved for v 5 0. Here we consider, per Karoly (1983) , solutions to the nondivergent barotropic, quasigeostrophic vorticity equation linearized about a time-mean streamfunction climatology c(x, y) for a Mercator projection on a sphere. This perturbation streamfunction equation yields the following dispersion relation:
where (u M , y M ) 5 (u, y)/cosu is the Mercator projection of the time-mean zonal and meridional winds, u is latitude, q 5 2V sin(u) 1 = 2 c is the time-mean absolute vorticity, and V is the rotation rate of Earth.
Given Eq. (4), the group velocities for stationary barotropic Rossby waves resolve to
and (5a)
These group velocities indicate that two-dimensional Rossby waves can propagate in any direction. This behavior is in contrast to that derived for stationary barotropic Rossby waves in a zonally symmetric flow (see, e.g., Hoskins and Karoly 1981) for which Eq. (5a) reduces to u g 5 2(›q/›y)k 2 /(k 2 1 l 2 ) 2 . This quantity is positive definite, indicative of eastward propagation, as ›q/›y, the meridional gradient of absolute vorticity, is positive for eastward zonally symmetric flows. The focus of the next sections is the propagation of stationary barotropic tropospheric Rossby waves in a realistic, zonally varying flow, for which Eqs. (5a) and (5b) are relevant. This two-dimensional form admits both positive and negative stationary wave group velocities and thus propagation in any direction-east, west, north, and south-depending on the background flow and wavenumbers.
In addition, Hoskins and Ambrizzi (1993) mentioned a special, long-zonal-wavelength form of westward-propagating stationary barotropic Rossby wave, which was further characterized in Shaman et al. (2009) . This wave can be derived for either zonally symmetric or zonally varying time-mean flows. Specifically, as k / 0, Eq. (5a) reduces to
While their low wavenumber does violate the short wavelength assumptions of WKBJ theory, this description of these Rossby waves does seem to provide a framework for understanding and quantifying their behavior. In regions where u M , (›q/›y)/l 2 , this waveform propagates westward with a vorticity anomaly that appears single signed in the zonal direction owing to its long zonal wavelength. Such regions are often observed in jet streams, which support strong meridional gradients of vorticity. Indeed, experiments with a barotropic vorticity equation model linearized about reanalysis climatology revealed westward, single-signed vorticity anomaly propagation along a jet stream, upstream of the model forcing region. This anomalous vorticity signal translated with speeds matching those predicted by Eq. (6) (Shaman et al. 2009) . Figure 2 shows the quantities u M 2 (›q/›y)/l 2 , u M , and ›q/›y for the 200-hPa level from a CAM4.0 simulation without forcing or sponge damping, using a Rossby wave with meridional half wavelength p/l of 3 3 10 6 m. The largest magnitudes of this quantity are seen in conjunction with the NAA jet, where zonal winds are strong and the meridional gradient of absolute vorticity is steep. Values are most negative just to the south of the NAA jet core with high positive values flanking this region along the jet periphery. The region of negative u M 2 (›q/›y)/l 2 can support rapid westward propagation of low-zonal-wavenumber Rossby waves.
In addition, the jet core is also a maximum of the meridional gradient of absolute vorticity ›q/›y. As shown by Hoskins and Ambrizzi (1993) , Rossby wave theory indicates that barotropic Rossby waves should refract toward this core maximum. As a consequence, Rossby waves that enter the NAA jet can become trapped and propagate along the length of the jet core, particularly as the flanks of the jet, which are minima of ›q/›y (Fig. 2, bottom) , act as refractive barriers and inhibit lateral escape from the jet.
Response to El Niño forcing a. Response without sponge damping
We first present simulation anomaly composites for runs without sponge forcing. These results demonstrate the CAM4.0 undamped response to diabatic heating. Figure 3 shows the year-6-20 time-averaged differences of 200-and 500-hPa streamfunction for runs with El Niño diabatic forcing minus a run with no diabatic forcing. February El Niño diabatic forcing, applied to the area shown by the thick black outline, produces a large streamfunction response over the North Pacific. A wave train of alternating positive and negative anomalies extends northward from the forcing region in a pattern consistent with the PNA pattern (Wallace and Gutzler 1981) . This pattern moves eastward over Alaska and northwestern Canada and then reflects southward over the continental United States.
The patterns at 200 and 500 hPa are similar over the North Pacific and North America, indicative of a barotropic wave structure; however, to the east over Africa and Asia, the extratropical response is more confined to the upper troposphere. A similar attenuation of an apparent eastward barotropic signal over the North Atlantic is seen in the meridional wind composite (Fig. 4) . We will show in the next section that some of the signal over Asia is associated with westward-propagating waves in the NAA jet.
To examine further these eastward and westward waves, for the remainder of this study, we will focus on the upper-tropospheric response. Figure 5 shows the same El Niño composite for 200-hPa relative vorticity z, zonal wind, and velocity potential x. The relative vorticity and zonal wind composites reveal anomalies over the North Pacific, which appear to reflect over western Canada and then propagate southeastward over the continental United States toward the Atlantic Ocean (the negative vorticity anomaly at 608W east of Cuba and the positive vorticity anomaly at 158N, 308W). This latter Rossby wave pattern has previously been described using ray tracing (Shaman and Tziperman 2005) and simulations with a linearized barotropic vorticity equation model (Shaman and Tziperman 2011; Shaman 2014) . The pattern of alternating signed anomalies ceases over the subtropical North Atlantic at 158N, 308W where the entrance to the NAA jet lies (see Fig. 2 ). Within the jet itself the anomalies are single signed and consistent with a slowing, or even southward shift, of the jet winds.
El Niño forcing produces a pronounced pattern in the 200-hPa velocity potential anomaly field along the equator (Fig. 5, bottom) . Negative anomalies, consistent with rising motion, are evident over much of the equatorial Pacific. Strong convergence and descent is also evident over the Indian Ocean and in part represents El Niño-forced changes to the Walker circulation.
b. Eastward-propagating waves
To isolate the eastward-propagating Rossby wave signal, we next applied damping from pole to pole and at all vertical levels to the west of the forcing region from 808 to 1308E in addition to El Niño forcing. The damping of westward-propagating wave activity clarifies the eastward-propagating Rossby wave signal in the streamfunction field (Fig. 6) . The resolved wave train is now more clearly seen moving poleward and eastward over the North Pacific to western Canada and then moving southeastward to the tropical North Atlantic and the entrance of the NAA jet. Note specifically the part of the wave train indicated by positive anomalies over northernmost North America and just east of the Gulf of Mexico in Fig. 6 , which are much weaker in the run with no sponge (Fig. 3) . Similar isolation of the eastward Rossby wave train can also be seen in the anomaly composites of the relative vorticity and zonal wind fields (Fig. 7) . Indeed, these anomalies highlight a similar wave pattern that enters the NAA jet and remains trapped moving eastward to South Asia, just west of the damping region. The anomalies in the jet are consistent with a southward shift or slowing along the jet core just south of the Mediterranean Sea. The velocity potential response over the equatorial Indian Ocean is reduced but still substantial, indicating strong eastward propagation of anomalies along the equator in association with El Niño-forced changes to the Walker circulation.
c. Westward-propagating waves
We next performed the complementary experiment applying damping east of El Niño forcing from 608 to 108W in order to isolate the westward-propagating Rossby wave signal. With this damping of the eastward wave signal, the westward upstream extension of single-signed streamfunction anomalies from the Pacific forcing region to Asia and Australia is evident (Fig. 8) .
The response in the streamfunction field radiates outward and poleward from the Pacific forcing region; however, the relative vorticity and zonal wind composite anomalies are more horizontally constrained and align with the orientation of the NAA jet (Fig. 9) . In particular, single-signed anomalies are again evident in the jet extending from East Asia to Africa, just east of the damping region. As for the eastwardpropagating signal (Fig. 7) , these anomalies are also indicative of a southward shift or slowing of the NAA jet core.
The location of the vorticity and zonal wind anomalies within the NAA jet is also collocated with the region in which u M , (›q/›y)/l 2 (Fig. 2) . This region should, in theory, support ultralow-wavenumber Rossby waves [Eq. (6)] that can travel rapidly westward and is consistent with the localized, single-signed response emanating westward from the North Pacific over southern Japan, China, and India.
The region of positive velocity potential anomalies over the Indian Ocean is more diminished with the sponge at 608-108W (Fig. 9 ) than with the sponge at 808-1308E (Fig. 7) . This finding again suggests eastwardpropagating control of El Niño-forced velocity potential anomalies along the equator. There is also a new anomaly on the equator at the western edge of the sponge indicating an anomalous convergence of horizontal motion; this new anomaly is consistent with a slowing of El Niño-forced westerly wind anomalies as they encounter the sponge and a disruption of the anomalous Walker circulation.
d. Summing the signals
We next added the anomaly fields from the two damping experiments to determine whether a linear superposition of the eastward-and westwardpropagating wave signals would reconstruct the undamped anomaly fields (i.e., Figs. 3 and 5) between the sponge regions away from El Niño diabatic forcing. The summed 200-hPa streamfunction anomalies (Fig. 10) , in pattern, are remarkably consistent with the undamped anomalies to a degree that neither the eastward-propagating nor westward-propagating signals show (cf. Figs. 3 and 10 to Figs. 6 and 8 ). This makes it clear that the remote response signal is a superposition of the two oppositely propagating signals. In particular, between the sponges in the area extending from the Indian subcontinent to northeastern Africa, between 108W and 808E, the summed streamfunction anomalies from the damped runs are similar in both spatial extent and magnitude to the undamped anomalies.
On the other hand, the relative vorticity and zonal wind summed anomalies (Fig. 11) reveal greater discrepancies from their undamped anomaly counterparts (Fig. 5) . In particular, the magnitude of the response in NAA jet is greater in the summed vorticity and wind fields between the sponges over Asia. These findings indicate that the aggregate undamped response due to the competing eastward and westward waves (Fig. 5) is not wholly the result of a simple superposition of these signals but rather also includes some nonlinear interaction and possible negative feedback, which ultimately produces a more muted vorticity, and wind response over this region (Fig. 5) .
Discussion
Here we have presented a new method for isolating the atmospheric response to waves propagating in different directions within an AGCM. We apply this at the planetary scale in the CAM4.0 AGCM and use it to isolate Rossby wave responses over Asia and Africa to boreal wintertime El Niño diabatic forcing. The new sponge methodology is shown to be capable of disentangling competing Rossby wave signals, and the findings indicate that both eastward-and westwardpropagating Rossby wave activity is abundant in the atmosphere. Specifically our results show that El Niño generates waves propagating both east and west that both contribute to the response in the North AfricanAsian (NAA) jet extending from the Indian subcontinent to northeastern Africa. The location of the westward-propagating signal within the NAA jet is consistent with Rossby wave theory that describes the possibility of ultralowwavenumber waves trapped in regions with strong meridional gradients of absolute vorticity. In such regions, which often coincide with jets, a single-signed anomaly response due to very long Rossby wave zonal wavelengths is expected and, in our CAM4.0 experiments, observed. These findings are consistent with prior work with a simpler model construct (Shaman et al. 2009 ).
Interestingly, the eastward-propagating Rossby wave response also produces a single-signed response in the NAA jet. It is not entirely clear why this occurs; however, the signal is more spatially intermittent. Indeed, the vorticity and zonal wind anomaly responses in the jet while single signed are not spatially continuous (Fig. 7) . In particular, the negative vorticity anomalies are present over North Africa and the Caspian Sea region but absent over the Mediterranean. Similarly, the wind anomalies are present west of Africa and over Arabia but missing over North Africa. These responses appear to be wavelike, albeit a wave that is biased to produce negative anomalies. It is possible that interactions within the jet produce this altered wave structure. In contrast, the westward response, which we suspect is due to FIG. 8 . As in Fig. 6 , but for anomalies with damping at 608-108W. Fig. 5 , but for composites with damping applied at 808-1308E. Hatch marks delineate the sponge region. Fig. 7 , but for composites with damping applied at 608-108W.
FIG. 7. As in

FIG. 9. As in
ultralow-wavenumber Rossby waves, is continuous and strong and shows no suggestion of an alternately signed wave structure (Fig. 9) . The aggregate response in the NAA jet, while mostly linear, appears to be more than a simple superposition of the eastward-and westward-propagating signals. Indeed, for the relative vorticity and zonal wind fields, the undamped upper-tropospheric response is muted (Fig. 5) relative to the summed response of the two individual signals (Fig. 11) . Similarly, the summed positive velocity potential anomalies south of India (Fig. 11,  bottom) are stronger than the anomalies in the undamped composite (Fig. 5, bottom) , suggesting some nonlinear damping of the Rossby wave source associated with that remote convergence. These findings suggest that some form of interaction-wave-mean flow, wave-wave interference, moist processes, and so forth-acts to negatively feed back on the component waves.
We additionally explored whether El Niño diabatic forcing and the sponge produce any downstream, nonlinear effects, including the generation of waves in remote locations. To test this, we repeated our experiments with the diabatic forcing strength halved. These simulations (not shown) produced anomaly patterns with similar spatial structure and about half the magnitude of the full forcing experiments (Figs. 6-11 ). We therefore conclude that the overall response to El Niño forcing is primarily linear, even in the presence of the sponge. There is some evidence of a sponge-induced change to the anomalous Walker circulation in response to El Niño diabatic heating (see Fig. 9 , the velocity potential anomalies); however, this change does not appear to produce further excitation of Rossby waves as indicated by the overall linearity of the response to El Niño diabatic forcing. Use of a time-evolving AGCM to examine the response to tropical heating affords representation of many atmospheric processes that more idealized models do not depict. In particular, transient effects, including downstream diabatic heating and transient forcing due to heat and vorticity flux convergence (e.g., Ting and Hoerling 1993) , as well as nonlinear processes, such as wave-wave and wave-mean flow interactions, are simulated. Such processes have been shown to be important for downstream modification of planetary waves (Held and Kang 1987; Held et al. 1989; Hoerling and Ting 1994; Trenberth et al. 1998) and cannot be represented explicitly by more primitive steady-state or linearized models.
It should be noted that simple linearized models can capture much of the NAA jet response to El Niño forcing (e.g., Shaman 2014); however, for the purposes of this study, in which we explicitly disentangled eastward-and westward-propagating Rossby wave signals, it was important to employ a detailed time-evolving fully nonlinear AGCM to determine whether nonlinear interactions occur between these competing wave signals. The findings from this study indicate that within the NAA jet, the combined response is mostly a linear superposition of the two wave signals with some additional weaker nonlinear effects. Further, both the eastward-and westward-propagating waves appear to be trapped in the NAA jet, consistent with Rossby wave theory (Hoskins and Ambrizzi 1993) , which predicts wave refraction toward the maximum of the meridional gradient of potential vorticity that extends along the core of the jet.
In the future, we plan to apply this sponge methodology to the study of other systems and track the origins of wave activity with greater precision. In doing so, we hope to explore the sources of remote response within the atmosphere, as represented by an AGCM.
